Aims/hypothesis. Activation of the receptor for advanced glycation end products (RAGE) reportedly triggers cellular responses implicated in the pathogenesis of diabetes, such as increasing vascular cell adhesion molecule-1 (VCAM-1) expression on vascular endothelial cells and inducing TNF-α secretion by mononuclear cells. The objective of this study was to evaluate whether RAGE binding affinity of AGEBSAs and cellular activation correlate. Methods. To produce AGEs with varying glycation, bovine albumin AGEs were prepared with 500 mmol/l of glucose, fructose or ribose at times of incubation from 1 to 12 weeks. In addition, AGE-BSA was generated using either glyoxylic acid or glycolaldehyde. Cellular binding of the AGE-BSAs and the effect on endothelial cell VCAM-1 expression were studied in RAGE-expressing human microvascular endothelial cell line-4 cells. Induction of TNF-α secretion was assessed using RAGE-expressing human peripheral blood mononuclear cells (PBMCs).
Binding of receptor for advanced glycation end products (RAGE) ligands is not sufficient to induce inflammatory signals: lack of activity of endotoxin-free albumin-derived advanced glycation end products Introduction Type 2 diabetes is a common chronic disease with a high risk of macrovascular and microvascular complications that lead to disability and premature death. Hyperglycaemia has been shown to be responsible for the functional and morphological changes associated with these diabetic complications [1, 2] . Other underlying factors could contribute to these vascular complications, including hypertension, dislipidaemia, inflammation and genetics [3, 4, 5] . A common pathway believed to lead to vascular dysfunction and atherogenesis is chronic activation of the endothelium, which promotes a procoagulant and a proinflammatory state [6, 7] . Although the mechanisms underlying the vascular dysfunction seen in diabetes are not fully understood, several hypotheses have been proposed, including activation of the endothelium by AGEs [8] .
AGEs, a heterogeneous group of complex structures that form non-enzymatically when reducing sugars, react with free amino groups on proteins, lipids or nucleic acids. The formation of AGEs has been found to occur in ageing, and at an accelerated rate in diabetic patients [9] . For example, pentosidine and N ε -(carboxymethyl) lysine, known end products of these reactions, have been identified in the vasculature and tissues of patients with diabetes, and accumulate with age in all animal species tested [10, 11, 12, 13, 14] . The deposition of these covalent adducts on various proteins has been reported to contribute to the development of the complications of ageing and diabetes through direct chemical-(covalent crosslink formation) and cell surface receptor-mediated pathways [15] .
The most characterised AGE-binding protein is the receptor for AGE (RAGE). RAGE, a 45-M r protein belonging to the immunoglobulin superfamily, is present on the cell surface of a variety of cells including endothelial cells, mononuclear phagocytes, hepatocytes, smooth muscle cells, certain neurons and mesangial cells [16, 17] . RAGE is a multiligand receptor, and has also been shown to bind to several proteins in the S100 family including S100A12 (extracellular newly identified RAGE-binding protein) and S100b [18, 19] . Activation of RAGE by its various ligands reportedly induces a variety of proinflammatory and procoagulant cellular responses, resulting from the activation of nuclear factor-κB (NF-κB) [20] . For example, increased expression of vascular cell adhesion molecule-1 (VCAM-1) has been shown to be increased after exposure of cultured endothelial cells to AGEs or to certain S100 proteins via RAGE activation [18, 21] . Both AGEs and S100A12 have also been reported to induce TNF-α secretion by mononuclear cells [18, 22] through RAGE activation. In addition, the "Two-hit model" proposed by Stern and Schmidt [23] suggests that cells chronically exposed to AGEs (first hit) results in a low level of cellular activation, so that if a second aggravation occurs, for example a bacterial infection, those primed cells will have a more exacerbated response compared to cells that were not chronically exposed to AGEs. Thus, engagement of RAGE potentially plays a role in the pathogenesis of the chronic, low-grade inflammatory state associated with diabetes. Although the precise chemical nature of structures capable of RAGE binding remains to be established, some evidence supports a role of N ε -(carboxymethyl) lysine as a main AGE-RAGE ligand [24] .
Previously, we have found that RAGE-binding AGEs can be created reproducibly using the reducing sugars, glucose, fructose and ribose, and two highly reactive carbonyls, glyoxylic acid and glycolaldehyde [25] . These AGEs were generated in a manner that does not lead to significant endotoxin contamination, a major potential driver of inflammatory cellular responses. The objective of this study was to evaluate the biological activity of those previously characterised AGE preparations to determine whether RAGE binding affinity correlates with cellular activation. To this end, two biological assays were employed, one that measured VCAM-1 induction on the surface of an endothelial cell line (HMEC-4), and another that measured TNF-α secretion by primary human peripheral blood mononuclear cells (PBMCs).
Interestingly, we found that the AGE preparations, which were essentially endotoxin-free (≤0.2 ng/mg protein; ≤2 endotoxin units/mg protein), were incapable of inducing VCAM-1 or TNF-α secretion regardless of RAGE binding affinity. In addition, the "Two-hit model" [23] was tested, and we found that cells preincubated with AGEs did not have an exacerbated response to low levels of endotoxin. Despite previous reports, we have found that AGEs generated by diverse protocols were not capable of inducing inflammatory cellular responses in vitro. The results of this study suggest that AGE modification alone is not sufficient to generate proinflammatory signalling molecules. Potential explanations for the discrepancies between the various AGE biological signalling studies in the literature will be discussed.
Materials and methods
Materials. Chemicals were obtained from Sigma (St. Louis, Mo., USA) unless noted below. Heparin was purchased from Elkins-Sinn (Cherry Hill, N.J., USA). Glacial acetic acid was obtained from Aldrich Chemical Company (Milwaukee, Wis., USA). PBS (10×) and Complete Mini protease inhibitor cocktail tablets were purchased from Roche Diagnostics (Mannheim, Germany). Endotoxin-free distilled H 2 O, sterile PBS without calcium and magnesium, MCDB 131 endothelial cell media, RPMI 1640 with L-glutamine, heat-inactivated fetal bovine serum, L-glutamine, antibiotic/antimycotic, 0.05% trypsin/0.53 mmol/l EDTA, penicillin and streptomycin, and BCIP/NBT western developing substrate were purchased from Gibco BRL/Life Technologies (Gaithersburg, Md., USA).
Sterilisation filters (Express filter; 0.22 µm; 250 ml capacity) were obtained from Millipore (Bedford, Mass., USA). Bicinchoninic acid protein assay kit, casein blocking buffer, Imject Maleimide keyhole limpet haemocyanin and ovalbumin conjugation kits, gentle binding buffer and gentle elution buffer were purchased from Pierce (Rockford, Ill., USA). Tissue culture plates and plates treated with Optilux Plus scintillation tissue culture were purchased from Fisher Scientific (Pittsburg, Pa., USA). SDS-PAGE and western blot supplies were purchased from Invitrogen (Carlsbad, Calif., USA). Hespan was purchased from Braun (Irving, Calif., USA). Antibodies were obtained as follows: mouse monoclonal anti-human VCAM-1 antibody (clone: BBIG-V1) from R&D Systems (Minneapolis, Minn., USA), rabbit polyclonal anti-IκBα from Santa Cruz Biotechnology (Santa Cruz, Calif., USA), goat anti-rabbit conjugated to alkaline phosphatase from BioRad (Hercules, Calif., USA). Human TNF-α ELISA plates were obtained from Pierce-Endogen (Rockford, Ill., USA). Sephacryl S-100 resin, SP-Sepharose fast-flow resin, and protein-G Sepharose (Gamma bind plus) were purchased from Amersham-Pharmacia Biotech (Piscataway, N.J., USA). Optiphase super mix scintillation fluid was obtained from Wallac (Turku, Finland). Picrogreen double-stranded DNA quantification kit was purchased from Molecular Probes (Eugene, Ore., USA).
Preparation of modified BSA preparations. At a concentration of 500 mmol/l, glucose BSA (Glu500 BSA), fructose BSA (Fru500BSA), ribose BSA (Rib500BSA) and control BSA (Ctrl-BSA) were prepared and characterised as previously described [25] . Endotoxin levels were measured by Associates of Cape Cod (Falmouth, Mass., USA) using the gel clot method, and were found to be less than 0.2 ng/mg (2 endotoxin units/mg protein) AGE-BSA. Glyoxylic-acid-derived AGEs (GA BSA) or glycolaldehyde-derived AGEs (G BSA) were also generated as previously described [11, 25] . The measurement of human-soluble RAGE (hsRAGE) binding to modified BSAs was carried out as described previously [25] .
Cell culture. Human microvascular endothelial cells (HMEC-4) were obtained from Dr Edwin Ades (Center for Disease Control, Atlanta, Ga., USA). HMEC-4 cells were derived from human foreskin and immortalised by constitutive expression of the T-antigen of the SV40 virus [26] . Monolayers were propagated from passages 20-26 in growth medium (MCDB131, supplemented with 10% heat-inactivated FBS, 2 mmol/l L-glutamine, 10 ng/ml EGF, 1 µg/ml hydrocortisone and 1% antibiotic-antimycotic) in 5% CO 2 at 37°C. For AGE-binding experiments and the VCAM-1 assay, confluent monolayers were obtained by seeding on 0.2% gelatin-coated 96-well plates at a density of 50 000 cells per well and then culturing for 4 days. Various test solutions were diluted in treatment media (same media described above except the FBS was reduced to 5%).
Generation of anti-BSA antibody. Rabbit IgG from GA-BSAimmunised animals were isolated from serum by protein G-sepharose chromatography. Total IgG was further purified using a column of BSA immobilised on cross-linked, beaded agarose. Final concentration of IgG was 1.7 mg/ml. Via ELISA testing, the anti-BSA antibody was found to recognise both native BSA and the sugar-derived AGE-BSAs.
Cell-based BSA-binding ELISA. The cells were directly treated with Ctrl-or AGE-BSAs or, for the competition experiments, were preincubated (3 or 18 h) with the potential blocker, polyanionic molecules or hsRAGE respectively. Then the Ctrl-or AGE-BSAs were added to the cells at 37°C for various time periods. All HMEC-4 treatments were diluted in treatment media (125 µl/well). Following incubation of cells with various treatments, plates were washed with PBS and fixed with 2% paraformaldehyde. After washing with PBS, total cell protein per well was determined using the sulphonated dye, sulphorhodamine B (SRB) [27] . Cellular association of Ctrl-BSA or AGE-BSA was assessed by ELISA. Following the SRB evaluation, plates were washed with PBS and blocked with Tris-buffered saline plus casein (TBS-casein; 150 µl/well) at room temperature (RT) for at least 1 h. The fixed and blocked cells were incubated overnight at 4°C with 70 µl/well of the rabbit polyclonal anti-BSA antibody diluted 1:2000 in TBS-casein blocking solution. The cells were washed with PBS, followed by incubation with 70 µl/well of goat anti-rabbit horseradish peroxidase (HRP) antibody diluted 1:3000 in TBS-casein-blocking solution at RT for 3 h. After washing with PBS, plates were developed at RT for 10 min with 125 µl/well of the HRP substrate solution (25 µl 
Production and purification of polyclonal anti-RAGE antibody.
A 14-amino-acid stretch (KGAPKKPPQRLEWK) found in the V-domain of RAGE was synthesised and HPLC purified by ResGen (Invitrogen) with a cysteine added to the N-terminus of the peptide for conjugation. The peptide was covalently conjugated to the haptens, keyhole limpet haemocyanin and ovalbumin, using Imject Maleimide kits (Pierce) according to the manufacturer's instructions. The RAGE peptide keyhole limpet haemocyanin conjugate was sent to Covance (Denver, Pa., USA) for immunisation of rabbits using their accelerated protocol. Total IgG from the rabbit serum was purified using a protein-G sepharose column. For affinity purification, total IgG was loaded onto a column of the RAGE peptide ovalbumin conjugate covalently cross-linked to cyanogen-bromideactivated sepharose 4B. The anti-RAGE IgG was filter-sterilised using a 0.2 µm syringe filter ([IgG]≥1 mg/ml).
Radioligand-based binding assay. Rib500 BSA wk6 was 125 Iradiolabelled by ICN Biomedicals (Irvine, Calif., USA) using the lactoperoxidase method. Radioligand binding assays were performed in 96-well white plates treated with Optilux Plus scintillation tissue culture, to which HMEC-4 cells were plated. Cells were either directly treated with 125 I-Rib500 BSA wk6 or, for the competition experiments, were preincubated (for 18 h at 37°C) with the potential blocker (unlabelled AGEBSAs, S100b, polyanionic molecules) and then the 125 I-Rib500 BSA wk6 was added to the cells at 37°C for 1 h. For hsRAGE treatments, 125 I-Rib500 BSA wk6 was incubated with hsRAGE for 18 h at RT, and then the mixture was incubated with the cells for 1 h at 37°C. Following cellular treatments, plates were washed with PBS and cells were lysed using 100 µl/well solubilisation buffer (20 mmol/l Tris-HCl, 0.14 mol/l NaCl, 5 mmol/l EDTA and 1% Triton X100, pH 7.5). After shaking plates for 1 h at RT, 150 µl/well of Optiphase super mix scintillation fluid was added, and the plates were incubated overnight before reading. Non-specific binding of 125 I-Rib500 BSA wk6 was determined by adding 100-fold molar excess of unlabelled Rib500 BSA wk6, and was found to be 10% or less of total binding. For each treatment, the background levels (media control) were subtracted. Total cell number per well was estimated on duplicate plates using Picogreen Reagent to estimate double-stranded DNA content. PBMC isolation and TNF-α production assay. We obtained 1 unit of citrated whole blood from healthy volunteers, which was then mixed with Hespan (6% hetastarch in 0.9% NaCl) at a blood:hespan ratio of 2.3:1. After the red blood cells sedimented, PBMCs were isolated using Histopaque centrifugation according to the manufacturer's instructions. Isolated PBMCs were suspended in RPMI 1640 with 2 mmol/l L-glutamine, 100 units/ml penicillin and streptomycin and 10% heat-inactivated FBS at 5×10 6 /ml and distributed into 96-well culture plates (100 µl cell suspension/well). After overnight incubation at 37°C, the cells were stimulated with AGE-BSAs (200 µg/ml) or the positive control stimuli 100 ng/ml LPS for 18 h. The amount of TNF-α in the conditioned medium in triplicate conditions was determined by ELISA according to the vendor protocol. Unless noted, the data are expressed as mean pg/ml TNF ± SEM for multiple experiments.
Assay for
Western blot analysis. Cells were grown to confluence in 6-well plates. For IκBα westerns, cells were treated with 20 ng/ml TNF-α, 300 µg/ml S100b or Rib500 BSA wk6 or 300 ng/ml Rib500 BSA wk6 for the indicated time periods. For RAGE western, cells were exposed to media only. The cells in each well were washed with ice-cold PBS and scraped into 0.4 ml of ice-cold extraction buffer (20 mmol/l HEPES, pH 7.2, 100 mmol/l NaCl, 1% Triton X-100 and 10% glycerol) supplemented with protease inhibitors. The lysates were subjected to western blot analysis using standard techniques, and blots were incubated for 4 h at RT with the primary antibody (IκBα: 1:1000 anti-IκBα antibody; RAGE: 1:200 of anti-human RAGE antibody). The AP system was used for detection.
Data analysis.
Triplicate experiments were analysed unless otherwise noted. Statistical comparisons among groups were determined using one-way ANOVA. Where indicated, individual comparisons were performed using the Student's t test. A p value of less than 0.05 was considered statistically significant.
Results

RAGE binding affinity of the AGE-BSAs and cellular
association. Using a cell-free assay, the RAGE binding affinity for the various AGE-BSAs was determined based on their ability to compete with G50 BSA for binding to hsRAGE. Figure 1a shows the percentage of hsRAGE binding displaced in this assay by 100 µg/ml of each test AGE-BSA. Three weeks of incubation with ribose generated AGE-BSAs with maximal displacement of hsRAGE. In contrast, Glu500-and Fru500-BSAs were incapable of displacing hsRAGE at the 3-week time point. After 12 weeks of incubation with glucose or fructose, the resulting AGE-BSAs displaced about 70% of hsRAGE.
As shown in Figure 1c , the presence of RAGE on HMEC-4 cells was demonstrated by western blot. After incubating the endothelial cell line HMEC-4 with 100 µg/ml of each test AGE-BSA, a similar pattern to the cell-free hsRAGE binding assay was observed (Fig. 1b) . AGEs that showed a high hsRAGE binding affinity in the cell-free assay also showed a high level of cellular association.
To further understand the selectivity of the AGE-BSA cellular interaction, we utilised a radioligand assay based on previously established methods [16, 28] . This radioligand-based assay provided a method to compare the cellular association of various AGEBSAs relative to the binding of 125 I-Rib500 BSA wk6. 125 I-AGE-BSA:endothelial cell binding was inhibited by excess unlabelled Rib500 BSA wk6 and other AGE-BSAs, but not by native BSA (Fig. 2a) . AGE-BSA binding assessed in this manner correlated with AGE-BSA inhibition of hsRAGE binding in the cellfree binding assay (Fig. 2b) .
We also tested the ability of the polyanionic AGEbinding inhibitors heparin, fucoidan and dextran sulphate to inhibit AGE-BSA cellular association [29, 30] . All three polyanionic molecules inhibited binding of AGE-BSAs to HMEC-4 cells (Fig. 3a, b) . In addition, AGE binding was partially blocked by pretreating the cells with S100b, another reported RAGE ligand (Fig. 3a, b) . Preincubation of AGE-BSA with hsRAGE also inhibited cellular binding (Fig. 3a, b) . It is worth noting that the results obtained in the BSA ELISA were the same in the radioligand-based binding assay.
Cellular responses to AGE-BSAs and inflammatory mediators.
Two AGE-responsive cellular models were used to evaluate the biological activity of the AGE preparations with differing RAGE binding affinity. In the first model, VCAM-1 expression was studied using the HMEC-4 cell line, which does not constitutively express VCAM-1, but can be induced to by specific stimuli such as TNF-α and endotoxin treatment. In the second model, TNF-α secretion in response to AGE-BSA and LPS was studied in PBMCs.
According to published results, a 6-hour incubation period of endothelial cell monolayers with 100 µg/ml of AGE-albumin increased cell surface VCAM-1 expression by as much as seven-fold over control BSA treatment [21] . In the present study, the HMEC-4 cells were incubated with 100 µg/ml (1.5 µmol/l) of the various AGE-BSAs (weeks 1-12) for 24 h (Fig. 4a) . The two positive controls, TNF-α and LPS, strongly induced VCAM-1 expression (e.g. at 24-h time point: 24-and 18-fold increase over media control respec- tively). Unexpectedly, none of the AGE preparations was capable of inducing VCAM-1 expression above media control regardless of RAGE binding affinity. In addition, AGE-BSAs had no effect on VCAM-1 induction even after extending the incubation time to 48 and 72 h (data not shown). Similar results were obtained with primary human umbilical vein endothelial cells (data not shown). However, the known RAGE ligand, S100b, was titrated in this system and found to induce cell surface VCAM-1 expression on the HMEC-4 cells (Fig. 4b) .
Stimulation of the NF-κB pathway by the AGEBSAs was assessed by monitoring degradation of IκB-α, an inhibitor of NF-κB, using western blotting (Fig. 5) . HMEC-4 cells showed the beginnings of IκB-α degradation after 8 min of exposure to TNF-α, and then complete degradation after 20 min. HMEC-4 cells treated with S100b showed IκB-α degradation after 60 min of exposure. In contrast, HMEC-4 cells treated with Rib500 BSA wk6 at 300 µg/ml or 300 ng/ml did not show IκB-α degradation at any of the time points tested.
AGE-BSA induction of a primed cellular state was evaluated by preincubating HMEC-4 cells with the various AGE-BSAs at 240 µg/ml (3.6 µmol/l) or with plain media for 24 h at 37°C. Then, the cells were provided with a second stimulus by adding 3 ng/ml of LPS (24 h at 37°C) to mimic a bacterial infection. This level of LPS was sufficient to significantly increase VCAM-1 expression above baseline, but did not induce a maximal VCAM-1 response. When exposed to the low levels of LPS, the cells preincubated with the various AGEs did not show an increased VCAM-1 response compared with cells first exposed to media and then to the low level of LPS (Fig. 6) . HMEC-4 cells were exposed to (a) 20 ng/ml TNF-α, (b) 300 µg/ml S100b, (c) 300 µg/ml Rib500 BSA wk6 or (d) 300 ng/ml Rib500 BSA wk6 for the indicated time periods. Cell lysates were prepared and electrophoresis/immunoblotting performed employing rabbit anti-IκBα IgG Fig. 6 . Effect of AGE preincubation on VCAM-1 induction by LPS. HMEC-4 cells were preincubated with media alone or with one of the indicated AGE-BSA preparations (3.6 µmol/l) for 24 h at 37°C (black bars). As indicated, some cells were then exposed to 3 ng/ml LPS for an additional 24 h at 37°C (grey bars). The cells were washed and the VCAM-1 assay was performed. For positive controls, HMEC-4 cells were exposed to 20 ng/ml TNF-α or 30 ng/ml LPS. Values are means ± SEM for three independent experiments. * indicates values are significantly different compared with media control, p<0.001 HMEC-4 cells, the reported RAGE ligand S100b was also capable of inducing TNF-α production by the PBMCs in a dose-dependent manner (Fig. 7b) .
Discussion
The objective of this study was to determine whether RAGE binding affinity correlated with cellular activation. To this end, we tested the ability of known RAGE ligands with varying RAGE binding affinity to bind to cells and induce VCAM-1 expression and TNF-α secretion. Because control BSA did not show cellular binding, AGE-BSA binding was dependent on AGE modifications rather than a determinant on BSA. In addition, RAGE binding affinity of our AGEs correlated with cellular association. Unexpectedly, we found that regardless of RAGE binding affinity and cellular association, all of the AGE preparations, which were free of significant levels of endotoxin contamination, failed to induce cell surface VCAM-1 on HMEC-4 endothelial cells and TNF-α secretion by primary human PBMCs. Therefore, activation of cells expressing RAGE does not seem to correlate with RAGE binding. In our studies, we were not able to detect the AGE-specific increase in VCAM-1 and TNF-α secretion as previously reported [21, 22] .
In contrast to the AGE-BSA treatments, we were able to confirm S100b induction of VCAM-1 and TNF-α secretion [18] . Interestingly, although both S100b and TNF-α induced IκBα degradation, cells treated with S100b required a significantly longer incubation time before IκBα degradation was visible (60 vs 8 min respectively; Fig. 5 ). Although our AGE preparations were generated using protocols similar to those previously reported, it is possible that our AGE preparations are more like RAGE antagonists: they are capable of binding to RAGE, but do not have yet to be discovered characteristic required for receptor activation. However, we have found that overnight preincubation of cells with various AGEs preparations cannot block the S100b-dependent induction of VCAM-1 on cultured endothelial cells (data not shown). Conversely, we have found pretreatment of cells with S100b reduced AGE cellular binding (Fig. 3) . These results suggest that S100b may bind to multiple receptors, one of which is RAGE.
Our findings suggest that AGE proteins may not be general drivers of proinflammatory cellular responses mediated by NF-κB. Several possible factors could account for the inflammatory responses induced by AGE treatments previously reported, including endotoxin and metal ion contamination. Importantly for this study, the AGE preparations with no detectable levels of endotoxin were generated without the use of preservatives or endotoxin removal columns [24, 31, 32, 33, 34, 35] . The effects and possible interactions of preservatives or materials eluted from polymixin B Because AGEs have been reported to robustly induce TNF-α secretion in phagocytic cells, AGE-BSAdependent cellular TNF-α secretion was assessed in primary human PBMCs. Expression of RAGE by the PBMCs was demonstrated by western blot (Fig. 1c) . As indicated in Figure 7a , an 18-h incubation period with the AGE-BSAs did not induce significant TNF-α production by the PBMC cultures compared with Ctrl-BSA treatment or media control as measured by ELISA. For some individual experiments, there was up to a three-fold induction of TNF-α by AGE-BSA compared with control BSA cultures. Interestingly, the Ctrl-BSA exhibited modest TNF stimulatory activity. However, these results were variable between donors. In summary, there was not a significant difference between AGE-treated cultures and Ctrl-BSA groups. In contrast, treatment with 100 ng/ml of LPS reproducibly induced a significant TNF-α response in the PBMC cultures. Similar to the results found with the Fig. 7 . TNF-α secretion by human PBMCs treated with AGE-BSA, S100b or LPS. a. PBMCs were isolated from five different human donors. They were incubated for 18 h at 37°C with the following treatments: 200 µg/ml of Rib500 BSA wk6, Fru500 BSA wk 6, Glu500 BSA wk6, Ctrl-BSA wk6, media alone and 100 ng/ml LPS. Values are means of TNF-α production ± SEM for the five different donors under the six treatment conditions. b. TNF-α secretion by human PBMCs treated with S100b (■ ■) or LPS (◆ ◆) for 18 h at 37°C. Experiment was repeated with three different donors. Graph is representative; values are means ± SD. * indicates values are significantly different compared with media control, p<0.001 columns with AGEs have not been evaluated, and it remains an open question as to whether these steps contribute to the biological activity of some AGE preparations. Finally, metal ions are another contaminant commonly found in AGE preparations. Various metal ions have been shown to drive inflammatory responses via generation of reactive oxygen species, leading to NF-κB activation [36, 37] . Hui et al. [38] reported that oxidant stress and endothelial permeability previously attributed to AGE proteins could be induced by redox-active metal ions found in the biological buffers commonly used to generate AGE preparations in vitro.
We also considered whether the absence of AGE biological activity was due to the activation state of the indicator cells. Since we used multiple cell types, including an immortalised cell line as well as primary cells from multiple donors, it is unlikely that the lack of biological activity of the AGE preparations used in this study was a function of cell type or culture conditions. In addition, the baseline levels and responses to positive control stimuli such as TNF-α and LPS by the cell types used in this study are similar to those in published findings [18, 21] .
Our data indicate that binding to RAGE with high affinity is not sufficient to induce VCAM-1 and TNF-α secretion in cells grown in vitro. In addition, it remains possible that only specific AGE modifications are capable of activating specific cell types. Overall, our findings do not confirm the role of AGE-RAGE interaction in driving inflammatory responses in vitro. Thus, how diverse AGE-modified proteins directly affect cell function remains to be resolved. The use of gene expression profiling of AGE-stimulated cells may help to clarify the role of AGEs in cell activation and these studies are currently underway.
